Capsid protein VP4 of poliovirus is acylated with myristic acid via an amide linkage to its N-terminal glycine residue. Our previous studies suggested that myristic acid plays a role in poliovirus assembly and in the early events of infection. In order to understand better its role in the assembly process, we introduced a Gly 1 to Ala amino acid substitution in the myristoylation signal sequence of VP4. This substitution prevented VP0 myristoylation in vivo and abolished the infectivity of genomic transcripts harbouring the mutation. These mutated RNAs were still able to replicate in the transfected cells but the assembly processes were inefficient and no mature virions could be detected.
Capsid protein VP4 of poliovirus is acylated with myristic acid via an amide linkage to its N-terminal glycine residue. Our previous studies suggested that myristic acid plays a role in poliovirus assembly and in the early events of infection. In order to understand better its role in the assembly process, we introduced a Gly 1 to Ala amino acid substitution in the myristoylation signal sequence of VP4. This substitution prevented VP0 myristoylation in vivo and abolished the infectivity of genomic transcripts harbouring the mutation. These mutated RNAs were still able to replicate in the transfected cells but the assembly processes were inefficient and no mature virions could be detected.
Poliovirus, a small non-enveloped virus, is the prototype of the enterovirus genus in the Picornaviridae family. Its genome, a 7500-base ssRNA of positive polarity, is enclosed in an icosahedral capsid which is made up of 60 copies of each of the four polypeptides VP1 to VP4.
In the cytoplasm of the host cell, the viral RNA directs the synthesis of a 247K polyprotein which is cotranslationally cleaved to three precursors P1, P2 and P3 (Kitamura et al., 1981) . The cleavage products of P2 and P3 are involved in the replication processes (VPg, 2C and the replicase 3D p°l) or in virus-specific proteolytic cleavages. The 2A pr° polypeptide releases P1 from the nascent polyprotein (Toyoda et al., 1986) and 3C pr°, or its precursor 3CD, achieves most of the other cleavages at Gln-Gly pairs within the polyprotein (for a review, see Rueckert, 1990) Precursor P1 is split by 3CD into VP0, VP3 and VP1, which remain associated as a 5S protomer (Bruneau et al., 1983) . Five protomers then assemble to build up a 14S pentamer, 12 of which are required, along with a newly synthesized genomic RNA, to construct a provirion. The provirion is then processed to a 150S mature virion, and this last event involves the cleavage of VP0 to VP4 and VP2 (Arnold et al., 1987; Putnak & Phillips, 1981) . The N terminus of P1, and therefore those of VP0 and VP4, are blocked via an amide linkage to myristic acid, a 14-carbon saturated fatty acid (Chow et al., 1987; Paul et al., 1987) . This cotranslational modification (Wilcox et al., 1987) occurs after removal of the first methionine residue and is achieved by a cellular enzyme, N-myristoyl transferase (Towler et al., 1988) . Numerous viral and cellular proteins are known to be myristoylated (for a review, see Towler et al., 1988 and Schultz et al., 1988) . They share some common features in their N-terminal sequence, such as a glycine in the first position (the acylated residue) and a serine, threonine or alanine in the fifth position.
In two previous papers, we described the generation of four distinct mutations in the myristoylation signal (Gly 1 Ala 2 Gin 3 Val 4 Ser 5 Set 6) of poliovirus capsid protein VP4 (Marc et al., 1989 (Marc et al., , 1990 . These mutations were introduced into a genomic cDNA of poliovirus type 1 (Mahoney) (PV-I) inserted downstream of the qbl0 promoter from bacteriophage T7. This allowed us to characterize the properties of the mutated transcripts when they were transfected into HeLa cells (Marc et al., 1989 (Marc et al., , 1990 . One of these substitutions (Ser 5 to Thr) still allowed myristoylation of the protein, and transcripts harbouring this mutation were infectious and behaved exactly like wild-type transcripts. The other three mutations (Gly I to Arg, Ser 5 to Pro and Ala 2 to Pro) impaired the protein myristoylation in vivo, and as a result were lethal. Despite the fact that the noninfectious transcripts were able to replicate in the transfected cells, they all failed to initiate a second viral cycle in the neighbouring cells.
With mutations Ser 5 to Pro and Ala z to Pro, a very low level of VP0 myristoylation was still evident (Marc et al., 1989) . The transfected cells contained slightly reduced amounts of 14S pentamers, and mature virions sedimenting at 150S were found in fivefold to 10-fold reduced amounts, relative to what is observed after transfection with an infectious RNA. However, these virions were not infectious, and this suggested that the myristate 0001-0052 © 1991 SGM moiety of VP4 might be required in the early events of infection. With mutation Gly I to Arg, which totally abolished VP0 myristoylation, the assembly o f 14S pentamers was inefficient, and no mature virions could be detected. This might result either from the absence of myristate or from the abnormal presence of a charged residue (Arg) at the N terminus of the protein.
To determine to what extent the myristate moiety of VP4 is needed in the assembly process, we introduced a Gly 1 to Ala substitution in the myristoylation signal. This mutation would merely result in the lack of myristoylation, without introducing a drastic amino acid change. This was done by oligonucleotide site-directed mutagenesis, using the method of Morinaga et al. (1984) as previously described (Marc et al., 1989) cells (strain HB101). The resulting colonies were screened for the presence of mutated plasmids by in situ hybridization using the above-mentioned mutagenic oligonucleotide which was 5' end-labelled with 32p as a probe. Plasmids isolated from the positive clones were sequenced in the region of the mutation, and an AvaIAatI1 fragment bearing the mutation was isolated and used to substitute the equivalent fragment of pT7PV1-52, as described previously (Marc et al., 1989) . The resulting plasmid, plA5, was used as a template for the synthesis of full-length R N A s harbouring the Gly 1 to Ala mutation in the myristoylation signal of VP4. et al., , Marc et al., 1989 ]. In order to determine whether this modified VP0 was myristoylated in vivo, we labelled transfected HeLa cells with either [35S]methionine or [3H]myristic acid from 3.5 to 8 h post-transfection. At 8 h after transfection, the cells were washed twice with ice-cold phosphatebuffered saline then lysed in TNE buffer (10 mM-Tris-HCI pH 7.4, 0.1 M-NaC1, lmM-EDTA) containing 0-5~ NP40 and 25 ~tg/ml aprotinin (Sigma). After removal of the nuclei by centrifugation, the extracts were immunoprecipitated under non-denaturing conditions using an anti-C particle rabbit immune serum, and the immune precipitates were analysed by SDS-PAGE. As expected, myristoylated VP0 was expressed from the wild-type transcript as well as from the one carrying the Ser 5 to Thr mutation ( Fig. 1 b, lanes 1 and 3) . In cells transfected with the mutated transcripts 1A1 (Gly 1 to Arg) and 1A5 (Gly I to Ala), no myristoylated VP0 could be detected (Fig. I b, lanes 2 and 4) . In addition, as judged from the analysis of the [35S]methionine-labelled proteins (Fig.  1 a) , VP2 was absent and VP0 was more abundant when compared to cells transfected with wild-type or 1A2 transcripts.
S h o r t c o m m u n i c a t i o n
The transcript carrying mutation 1A5 (Gly 1 to Ala) was not infectious when transfected into HeLa cells. However, its transfection occasionally led to a delayed c.p.e, after 3 to 5 days in some of the transfected tissue cultures. The RNA of two independent viruses recovered from these cultures was sequenced in the region coding for the myristoylation signal of VP4. In both cases, the sequence of the two modified codons, GCT GCG (Ala ~-Ala 2) had reverted to GGT GC__G (Gly~-Ala-'). Thus the recovered viruses regained the initial myristoylation signal, while they retained the silent mutation in the Ala 2 codon and could therefore be distinguished from a contaminating wild-type virus.
The replication of the mutated transcript 1A5 was monitored from 2.5 to 18 h post-transfection. HeLa cells were transfected either with the infectious pT7PV1-52 or 1A2 (Ser 5 to Thr) transcripts or with the non-infectious 1A1 (Gly ~ to Arg) or 1A5 (Gly 1 to Ala) RNAs. At various times post-transfection, the cytoplasmic RNAs were prepared as previously described (Marc et al., 1989) and bound to a nylon membrane (Hybond N, Amersham). An antigenomic transcript, complementary to nucleotides 3417 to 4830 of the viral RNA, was synthesized in vitro in the presence of [~-32p]UTP and used as a probe to detect virus-specific RNA, as previously described (Marc et al., 1989) . As shown in Fig. 2 , the 1A1 and 1A5 transcripts replicated almost normally from 2 to 11 h after transfection, but failed to initiate a second cycle of virus multiplication, as indicated by the decreasing intensity of the signal at 14-5 and 18 h post-transfection (Fig. 2 , compare lanes containing 1A1 and 1A5 to lanes containing 1A2 and pT7PV1-52, respectively). This suggested a defect either in the assembly process or in the early steps of infection.
We then looked for the presence of virions and assembly intermediates in the transfected cells. HeLa cells (107) were transfected with 1AI, 1A2 or lA5 transcripts (the former two were used as negative and positive controls, respectively). At 2.75 h post-transfection, the cells were washed twice with methionine-free Dulbecco's MEM containing 2 ~tg/ml actinomycin D and 2~ foetal calf serum and incubated for 45 min in this medium. At 3.5 h post-transfection, [35S]methionine (30 ~tCi/ml, Amersham) was added. Cytoplasmic extracts, prepared at 8h as described above, were fractionated by a 17 h centrifugation at 37000 r.p.m., 4 °C, through a 5 to 20~ sucrose gradient (SW41, Beckman). Fractions of 0.4 ml were collected from the bottom, and the pellet was gently resuspended in lysis buffer (fraction zero). As shown by the sedimentation profile of PV-l-infected cell extracts (Fig. 3a) , this allowed separation of 5S protomers and 14S pentamers from the fast-sedimenting viral particles recovered in the pellet of the gradient. These include 74S procapsids and 150S mature virions which could be resolved by further fractionation of the pellet through a 10 to 30~ sucrose gradient by centrifugation at 40000 r.p.m, for 110 min at 4 °C (Fig. 4a) . For analysis of the assembly intermediates in the transfected cells, half of each even-numbered fraction of the gradients was immunoprecipitated under native conditions, using an anti-C particle rabbit immune serum. Only one-sixteenth of fraction zero from the 5 to 20~ gradients was immunoprecipitated. The immune precipitates were analysed by electrophoresis on a 15 ~ SDS-polyacrylamide gel, as previously described (Marc et al., 1990 ). An equal amount of 35S-labelled proteins from purified PV-1 was loaded on each gel to serve as an internal exposure marker (lanes V, Fig. 3 and  4) . Therefore, the global intensities of the gels must be corrected by taking into account the intensities of the bands in lanes V. As shown in Fig. 3 (b) transfection of the infectious transcript 1A2 led to the production of large amounts of 14S pentamers, sedimenting in fractions 6 to 10 of the 5 to 20~o sucrose gradient, and containing viral polypeptides VP0, VPI and VP3. The pellet (lane 0) contained viral particles, including mature virions, as judged by the presence of the additional band corresponding to VP2. Further fractionation of the pellet through a 10 to 30~o sucrose gradient clearly demonstrated the presence of mature virions sedimenting at 150S and containing viral polypeptides VP1, VP2 and . This observation is strengthened by the absence of 150S mature virions in the 10 to 30% sucrose gradients (lanes 6 to 10 of Fig. 4c and d) .
Comparison of the data presented here clearly shows that the Gly ~ to Ala and Gly 1 to Arg substitutions have exactly the same effects. They both totally blocked VP0 myristoylation. They had no effect on the replication of viral RNA in the transfected cells up to 11 h after transfection, i.e. during the first viral multiplication cycle (Fig. 2) . This could be correlated to the fact that the overall yield of capsid proteins at 8 h post-transfection seemed unaffected by the Gly ~ substitutions, as judged by the relative intensities of the bands corresponding to VP1 and VP3 in Fig. l(a) . Kr~iusslich et al. (1990) reported that the level of both positive-and negativesense RNAs was decreased in cells transfected with PV-1 transcripts harbouring the same Gly I to Ala mutation as 1A5. The discrepancy between these results and our present data might be due to the overall amount of RNA transcripts used for transfection, or to the different cDNA background in which the mutation was introduced.
As previously reported (Marc et al., 1989; Kr/iusslich et al., 1990) , both the Gly 1 to Ala and the Gly ~ to Arg substitutions resulted in inefficient processing of mutant P 1 precursors, particularly at the VP0-VP3 cleavage site, in an in vitro translation system. However, as shown here, processing of PI seemed to occur quite efficiently in vivo, as judged by the relative intensities of capsid polypeptides VP1 and VP3 (see Fig. la) . However, when analysing the overall amounts of capsid polypeptides VPI and VP3 from the 5 to 20 % gradients, we repeatedly observed that the global amount of VP3 was greatly reduced in the case of the Gly 1 mutants (Fig. 3c and d ) as compared to mutant 1A2 (Fig. 3b) . The discrepancy between the results presented in Fig. 1 a and Fig. 3 could be due to the fact that, under the conditions used, immunoprecipitation of VP3 from the 5S region of the gradients was inefficient. It is likely that, using an anti-C serum under the non-denaturing conditions, VP3 is immunoprecipitated more efficiently when it is in a concentrated form or part of either aggregates or assembly intermediates. This is the case when crude extracts of transfected cells (Fig. 1 a) , or the 14S region or the pellet the 5 to 20% gradients ( Fig. 3b to d) are immunoprecipitated. Indeed, as previously shown, the anti-C antibodies used in this study do not immunoprecipitate denatured VP3 (Marc et al., 1989) . Although more precise quantification of the capsid polypeptides in the transfected cells is needed, P1 processing in vivo does not seem to be affected as much as in vitro by the lack of myristoylation. Furthermore, both the Gly I to Arg and Gly l to Ala substitutions were shown to prevent virion assembly. Unmyristoylated VP0 could still take part in the assembly of 14S pentamers, and even in the formation of fast-sedimenting particles, but this was rather inefficient, and no mature virions could be produced. In the three-dimensional structure of the capsid, the myristate moiety of VP4 is clustered around the five-fold axis of the pentamer where, along with the N termini of VP4 and VP3, it participates in a fl-tube structure (Hogle et al., 1985; Chow et al., 1987; Filman et al., 1989) . The Gly 1 to Arg mutation in the myristoylation signal of poliovirus capsid protein VP0 blocked the acylation of VP0 and therefore resulted in the substitution of an arginine residue in place of myristoyl-glycine at the N terminus of VP0. The effects of this mutation might be attributed either to the lack of myristoylation or to the abnormal presence of a charged residue. As five of these residues would be clustered around the five-fold axis of the pentamer, this may not only suppress the hydrophobic interactions between the N termini of VP0, but replace them by electrostatic repulsions between the arginine residues. However, the Gly 1 to Ala substitution, the result of which is simply the replacement of myristoylglycine by the neutral alanine residue at the N terminus of VP0, had the same effect as the Gly 1 to Arg substitution. It can therefore be concluded that it is the lack of myristate, rather than the amino acid substitution itself, which is responsible for the poor assembly of 14S pentamers, and hence for the absence of mature virions. The data presented here thus provide strong evidence that the myristate moiety of VP0 plays a key role in the assembly and stability of the 14S pentamers. One may assume that the myristate acts there mainly by its hydrophobic properties.
Our previous results showed that even a minor proportion of myristoylated VP0 is sufficient for an almost normal pentamer assembly. In view of the present results, it will be of interest to determine the minimum number of myristoylated VP0 molecules that is required for the assembly and stability of the 14S pentamers and of the mature virions. Reconstitution of the poliovirus assembly process in vitro will be required to address this question. Finally, as previously suggested (Marc et al., 1990) , it cannot be excluded at present that the myristate moiety of VP4 might also play an essential role during the early steps (i.e. adsorption and decapsidation) of viral multiplication.
